The study of rainbowlike features has seen a revivalrelationships with properties of the scattering particles have been revisited, and the number of observations in other planetary atmospheres has increased.
The primary rainbow is generated by a light path through a drop that consists of entry-reflection-exit. An additional internal reflection creates another rainbow, called the secondary rainbow. That rainbow appears a few degrees outside the primary one and is recognizable by its reversed color sequence (Fig. 1) . The 8°-wide region between the two rainbows is the darkest part of the sky. The secondary rainbow always accompanies the 8-times-brighter primary one, but because of its intrinsic dimness it often remains unnoticed.
The primary and secondary rainbows contain much the same physical information. A difference is that the secondary rainbow is always perfect circular, as its position in the sky is insensitive to the flattening that occurs for large falling drops (Können 1987) . Thus, in contrast to the primary rainbow, the position of the top of the secondary rainbow contains no information about the nonsphericity of falling drops.
The internal reflections in the rainbow-making light paths through the drops happen to occur so close to the Brewster angle that rainbows are almost entirely polarized, which can be easily checked using a simple polarizer. If an isolated colored spot appears in the sky, rotating a polarizer in front of the eye can confirm whether the spot is a segment of a rainbow: when it disappears at a certain orientation of the polarizer, the identification is positive, and it is confirmed that the scatterers are drops.
The rainbow polarization is so strong that weak rainbows are more easily detected by their polarization rather than by their intensity. This is particularly useful if one tries to detect rainbows due to drops of sizes in the 10-µm range and below, where the rainbow has lost its brilliance and has turned into a colorless white band. Such drops are usually the constituents of altocumulus clouds. If sunlit, they produce a white rainbow at ~35° from the shadow point, but this inconspicuous bow is often lost in the chaotic structure of the cloud elements. However, with a polarizer the rainbow component in the cloud 's radiance appears clearly. In this way, rainbows can be seen on almost every partly cloudy day, albeit only with a polarizer (Können 1985) .
The rainbow angle depends on the refractive index and hence on the chemical composition of the drops. Seawater, having a higher refractive index than freshwater, shifts the rainbow in the direction of the antisolar point. Scrutinizing the rainbow shift in Fig. 2 as a function of wavelength could reveal that seawater contains salt (NaCl). Obviously, there exists a more direct method to find out that seawater is salty. But for planets other than Earth it is not so easy. In the early 1970s Hansen and Hovenier (1974) recognized a prominent rainbow peak in the polarization of Venus and analyzed its properties and its shift relative to a freshwater rainbow. From this they concluded that the Venus upper clouds consist of drops with sizes on the order of microns, and that these drops would taste somewhat sour rather than salty because they very likely consist of concentrated sulfuric acid. In the late 1970s this conclusion was beautifully confirmed by in situ measurements of descending space probes.
Not every rainbow feature of fers t he information it suggests. A deceptive example comes from the narrow bows visible close to the inside of the primary rainbow, called the supernumerary bows (Fig. 3) , which are caused by the interference of rays inside the droplet.
The obvious explanation is that the spacing between the bows relates to the droplet size in rain. For a peaked drop size distribution this is indeed the case, but for a broad and flat drop size distribution, as occurs in heavy showers, it is not. In fact, because of smearing one would expect no interference fringes at all. As pointed out by Fraser (1983) , supernumeraries nevertheless arise in this case because of the shift of the rainbow angle as a result of the flattening of falling drops. This causes a selection effect that for any broad drop size distribution produces supernumeraries with mutual spacing of about 0.7° (corresponding to a drop diameter of 0.5 mm), but the spacing between these interference bows does not contain any useful information about the range of drop sizes in the shower.
High-order rainbows: Seen in nature, at long last. Light that has undergone three internal reflections during its path though a drop makes a third rainbow, four reflections a fourth rainbow, and so on. These "high-order rainbows" become increasingly weaker. Just like the primary and secondary rainbows, the third and fourth rainbows are close together (separated by about 6°) and have their red sides facing each other. However, this duo appears on the bright side of the sky, 45° from the sun. The fifth rainbow is located in the region opposite the sun again, not far from the primary and secondary rainbows.
Although there are no a priori reasons that prevent the observation of the third rainbow in nature, it was only recently that it was unambiguously detected. Before 1700 it was searched for in the wrong part of the sky (Boyer 1987) , and since then only a handful of possible sightings of the third rainbow have been reported, most of them being of dubious quality (Lee and Laven 2011) . This changed dramatically in 2011 when Großmann (2011) , inspired by the above study by Lee and Laven, decided to take "in the blind" pictures in the correct direction, and after some image processing, the long-searchedfor third rainbow was found! One month later, in an attempt to reproduce this successful observation, Theusner (2011) obtained a picture containing both the third and fourth rainbows. In 2012 Edens (2015) photographed the fifth, and in 2014 he found traces in his earlier pictures of what could be the seventh rainbow (Edens and Können 2015) . Since then, more pictures of high-order rainbows have become known. Figure 4 shows the iconic picture of the third and fourth rainbows by Theusner; Fig. 5 shows the discovery picture with the green and blue hues of the fifth rainbow-its red being hidden behind the much brighter secondary rainbow.
ATM OS PH E R I C H A LOS A N D TH E I R INFORMATION CONTENT.
Halos not only exist in the form of colored circles around the sun, but can also appear as arcs, spots, streaks, loops, and circles at various locations of the celestial sphere, a consequence of the faceted nature of crystals. Simple isolated halos occur frequently in the sky: in the midlatitudes, a welltrained observer may see a halo or a trace of it typically five to seven times per month (Minnaert 1993) , but for others often halos remain unnoticed because of their proximity to the sun. Sunglasses help to improve one's observational record.
The presence of halos indicates that polyhedral solid particles are present in the atmosphere, namely ice crystals. Any pair of crystal faces may act as a refracting prism, generating colored phenomena concentrated on the sun side of the sky. If the crystals are randomly oriented, the halos appear as concentric circles centered on the sun, with radii depending on the refractive index and the angle between the refracting faces. However, usually many of the halo-making crystals assume a preferential orientation in the air, which results in the appearance of a large variety of colored or white halo structures-many of them being positioned near the circular halo to which they are associated and others occurring at other locations on the celestial sphere (Greenler 1989; Tape 1994; Tape and Moilanen 2006) .
Mostly, halo-making ice crystals are hexagonal plates or columns with flat ends. The two possible refracting prisms in these simple crystals have interfacial angles of 60° and 90°, giving rise to halos grouped at 22° and 46° from the sun, respectively. Figure 6 shows a well-developed halo display with circular halos as well as halo arcs. The arrangement of the halo arcs around the circular halos is not random but represents a mapping of the crystal symmetry onto the celestial sphere; for example, the sixfold symmetry in the arrangement of the arcs associated with the 46° circular halo in Fig. 6 is an expression of the sixfold symmetry of ice crystals. Sometimes terrestrial halos originate from ice crystals with pyramidal instead of flat faces at their ends (Tape and Moilanen 2006; Tape 1994 and references therein), which results in a different and often more complicated halo display (Fig. 7) . To many people, the shapes of crystals bear a certain beauty. Great halo displays are celestial manifestations of this crystalline beauty.
Halos contain information about the interfacial angles within a crystal, the refractive index and hence the chemical composition of the solid, the crystal symmetry, the shape of the crystals, and the orientation that falling crystals assume in the air. From the features appearing in a halo display a model of the halomaking crystals can be constructed. The richer the halo display, the more unique is the reconstruction. Although the terrestrial halo makers are nowadays well understood, surprises sometime occur. In 1997 the appearance of an atypical halo display (Riikonen et al. 2000) proved the presence in the atmosphere of preferentially oriented ice crystals with exotic pyramidal faces-a type of ice crystal that had not been detected before in the free atmosphere (Lefaudeux 2011) .
Halos are expected to occur in the atmospheres of other planets as well. A bright subhorizon halo streak has indeed been observed on Mars by an orbiting space probe (Fig. 8) , but that type of halo is due to external reflection at the crystal faces, and thus contains only information about the degree of preferential orientation of the halo-generating airborne Martian crystals, not about the composition of these crystals (Können 2006) . In 2005, during the descent of the Huygens probe through the dense atmosphere of Saturn's moon Titan, we were eager to look for halos from methane crystals (Können 2004) , but nothing showed up in the images. In fact, at a height of 21 km above the surface, the probe passed through a swarm of particles that were most likely methane crystals (Tomasko et al. 2005 ), but at that stage of the descent, the sky above the probe was overcast. Hopefully, on another occasion the Titan weather will be more cooperative.
DIFFRACTION CORONAS AND GLORIES, AND THEIR INFORMATION CONTENT.
Diffraction coronas. The diffraction corona, not to be mistaken for the much larger halos, consists in its simplest form of a white aureole, with angular diameter of a few degrees, surrounding a light source and terminating in a reddish outer edge (Fig. 9) . Sometimes it is surrounded by additional colored rings. The diffraction corona occurs a couple of times during virtually every partially clouded day. Many people are familiar with the diffraction corona surrounding the moon but are unaware of its brilliant counterpart surrounding the sun, as one instinctively avoids looking in the close vicinity of the sun. However, with the aid of sunglasses and by blocking the solar disk with one's thumb, one can see the fine color hues of the sunlight-induced diffraction corona in their full richness.
The corona is caused by diffraction of light by micron-sized cloud particles, in most cases water drops. As is the case for rainbows, the roundness of the diffraction corona is an expression of the sphericity of the drops. The diameter of the diffraction corona is inversely proportional to the drop size. Hence, the corona expands where it extends over the smaller drops at the edge of a cloud. Intrinsic noncircular coronas exist, occasionally with a marked internal structure (Evans 1913; Corliss 1977; Parviainen et al. 1994 ), but these small-sized phenomena are caused by oriented pollen instead of by deformed drops (Tränkle and Mielke 1994) .
Quantitative values of the drop size can be directly inferred from the diameter of the diffraction corona. (2015), this ring is not the first diffraction maximum, but instead is the result of the wavelength dependence of the width of the central aureole. Therefore the oftenapplied and seemingly obvious use of Fraunhofer diffraction theory to the inner red ring is incorrect and results in an overestimation of the particle sizes by no less than a factor of 2. It is fascinating that this mistake has remained unnoticed by many for nearly two centuries.
Glories. The corona has its counterpart on the opposite side of the celestial sphere. This phenomenon is called the anticorona or the glory. Its shape resembles the diffraction corona, consisting of a white central area with angular diameter of a few degrees surrounded by a reddish ring, but now the center is at the shadow point (Fig. 10) . Sometimes a second or even a third concentric ring is present. The glory is caused by backscattering of light by small drops via a mechanism different than that of the diffraction corona. Given the many sightings reported by pilots, it is probably as common as the diffraction corona, but ground-based observers rarely see it.
The diameter of the glory is inversely proportional to the drop size. Noncircular glories regularly occur, but they are the result of gradients in the droplet sizes in the cloud deck where the glory appears, rather than being an indication of nonsphericity of the tiny drops (Fig. 11) .
The presence of a glory implies that spherical particles of a certain size are present at the site of its appearance. These spheres have to be transparent in order to create a glory, but somewhat counterintuitively, the structure and diameter of a glory does not contain any useful information about the refractive index, and hence about the chemical composition, of the This has been frequently done using the diameter of the red ring surrounding the bright central aureole (seen in Fig. 9 ). However, as recently pointed out by Laven glory-making particles (Laven 2008a) .
The mechanism causing the glory had remained a mystery for a long time: it was only in 1947 that Van de Hulst formulated the first reasonable model of the formation of this enigmatic phenomenon (Van de Hulst 1947) . However, it took another half century until the glory was fully understood (Laven 2005b )-a clear illustration of the fact that the development and evolution of atmospheric optics is still in progress.
Glories in the terrestrial atmosphere have been obser ved from space (Floor 2012; Israelevich et al. 2009; see Fig. 12 ) and recently also in the atmosphere of Venus (Markiewicz et al. 2014; Petrova et al. 2015) . As our exploration of the solar system is still at its very early stage and research on exoplanets is booming, the detection of glories, halos, or rainbows in the atmospheres of planets other than Earth, Venus, or Mars, or even perhaps in the atmosphere of an Earth-like exoplanet (Karalidi et al. 2012 ), seems to be just a matter of time.
POSTSCRIPT. Many aspects of the development in the field in the past 40 years are condensed in the special issues on Light and Color in the Open Air that have appeared since 1979 every 3-4 years in the Optical Society of America (OSA) publications Journal of the Optical Society of America (1979 America ( -1987 and Applied Optics (1991 Optics ( -2015 . See Shaw et al. (2015) for a complete listing of these special issues.
